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LIQUID FILTER WITH SEPARATE AND 
CALIBRATED VAPOR RELEASE 

CROSS-REFERENCE TO RELATED APPLICATION 
5 This application is a continuation-in-part of U.S. patent application 

Serial No. 09/934,576, filed August 22, 2001. 

BACKGROUND AND SUMMARY 
The invention relates to liquid filters, and more particularly to a service 
10 interval change indicator more accurately reflecting filter life. 

Parent Application 
Liquid filters, including fuel filters, typically have a vertically axially 
extending housing having an annular filter element extending axially between top and 
bottom ends and having an inner hollow interior and an outer annular space between 
the filter element and the housing. The housing has an inlet to the annular space, and 
an outlet from the hollow interior. Liquid is filtered by flowing from the annular 
space through the filter element into the hollow interior. The annular space is 
viewable through the housing, e.g. through a transparent housing side wall, such that 
an operator or service technician can see the level of liquid in the annular space as an 
indication of when to replace the filter element. The higher the level of liquid in the 
annular space the greater the pressure drop across the filter element and hence the 
greater the plugging of the filter element. 

In many applications; the liquid or fuel level, including the rise thereof 
in the noted annular space, does not accurately reflect filter life. For example, in one 
application, fuel level in a clear housing reaches the top with 2" Mercury, Hg, (68,000 
dyne/cm 2 ), restriction, while the filter element is capable of 8" Mercury (271,000 
dyne/cm 2 ), restriction. Hence, using fuel level in the noted annular space of the clear 
housing as an indicator to change the filter element results in a premature such 
change. This is objectionable because of the less than full life usage of the filter 
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element, the more frequent filter element changes, and the corresponding higher 
overall cost thereof. 

The invention of the noted parent application addresses and solves the 
above noted objections. In one aspect, the parent invention delays the rise in liquid 
5 level in the noted annular space to correct the otherwise premature indication of a 
need to change the filter element. In another aspect, liquid level in the noted annular 
space is allowed to rise to controlled levels providing advance and more accurate 
indication of a forthcoming need to change the filter element. 

10 Present Invention 

The present invention arose during continuing development efforts 
directed toward liquid filters, including fuel filters, including for diesel fuel, which 
must provide high removal efficiency and low pressure drop. 

As is known, fuel filters are often used on the suction side (low 

15 pressure or vacuum side) of the fuel pump. In order to obtain reasonable service 
intervals without fuel starving the engine, the initial pressure drop should be under 
1 inch of Mercury, Hg, (34,000 dyne/cm 2 ), with a terminal pressure drop across the 
filter, AP, in the range of 5 to 10 inches of Mercury (170,000 to 340,000 dyne/cm 2 ). 
Historically, plugged fuel filters are one of the leading causes for on-highway 

20 service calls for over-the-road trucks. Typically, the filters are plugged with soft 
contaminants, e.g., asphaltenes, biological growth, resins, or other sludge-type 
material, often introduced as a result of fuel transportation and handling. At the 
same time, truck operators are under economic pressure to reduce costs, including 
maintenance costs due to scheduled and unscheduled maintenance and replacement 

25 filters. It is thus desirable for operators to be able to fully utilize the contaminant- 
holding capacity of filters (i.e. not change out the filters too soon), without actually 
plugging the filter and jeopardizing engine operation. To do this, they must be able 
to accurately detect filter plugging. In the past, a variety of gages and sensors have 
been utilized to monitor pressure drop across the filter, however these are 
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expensive, not always reliable, and are often ignored by operators. Another 
common technique is to use air/fuel Vapor in the fuel filter housing as a visual 
indicator of element condition. In the air visualization method, the disappearance 
of the air is erroneously assumed to be an indicator of filter plugging. The 
5 underlying premise for this method is the observation that, in practice, air carried 
along with the fuel tends to collect in the top of the filter housing. This air pocket is 
commonly observed with new filters and not with plugged filters. The air 
visualization method is relatively popular, in that it is inexpensive, easy and, if used 
regularly, minimizes problems resulting from waiting too long to change the filter. 
10 On the other hand, the method is inaccurate and leads to premature, costly filter 
changes. 

The present invention addresses and provides further solutions to the 
above noted objections. In one aspect, the invention provides an improved air 
visualization method and mechanism avoiding the above noted source of 
15 inaccuracy. In one form, this is accomplished by separating the filtration and 
indication functions. Various embodiments of the latter are provided. 

BRIEF DESCRIPTION OF THE DRAWING 
Parent Application 

20 Figs. 1-8 are taken from parent U.S. patent application Serial No. 

09/934,576. 

Fig. 1 is a side elevation view of a liquid filter known in the prior art. 
Fig. 2 is a sectional view taken along line 2-2 of Fig. 1. 
Fig. 3 is a perspective view of a filter element in accordance with the 
25 parent invention. 

Fig. 4 is a view like Fig. 1 but incorporating the filter element of the 
parent invention. 

Fig. 5 is a view like Fig. 3 and shows a further embodiment. 

Fig. 6 is a view like Fig. 2 but incorporating the filter element of Fig. 5. 
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Fig. 7 is like Fig. 6 and shows a further stage of operation. 
Fig. 8 is like Fig. 5 and shows a further embodiment. 

Present Invention 

Fig. 9 is a graph showing field test data for fuel filters known in the 

prior art. 

Fig. 10 is a view like Fig. 3 and shows a filter element in accordance 
with the present invention. 

Fig. 1 1 is a view like Fig. 6 but incorporating the filter element of Fig. 

10. 

Fig. 12 is a view like portion of Fig. 11 and shows a further 

embodiment. 

Fig. 13 is a view like Fig. 10 and shows a further embodiment. 
Fig. 14 is a schematic illustration of a filter element in accordance with 
the invention, illustrating operation. 

Fig. 15 is a graph illustrating performance. 

DETAILED DESCRIPTION OF THE INVENTION 
Parent Application 

20 The following description regarding Figs. 1-8 is taken from parent U.S. 

patent application Serial No. 09/934,576. 

Prior Art 

Fig. 1 shows a liquid filter 10, for example a diesel fuel filter, known in 
25 the prior art. The filter includes a housing 12 extending along a generally vertical 
axis 14 and having an annular filter element 16 extending axially between top and 
bottom ends 18 and 20 at respective upper and lower end caps 19 and 21, Fig. 2, and 
having an inner hollow interior 22, Fig. 2, and an outer annular space 24 between 
filter element 16 and side wall 26 of housing 12. The housing has a lower inlet 28, 
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Fig. 2, to annular space 24, and a lower outlet 30 from hollow interior 22 through 
outlet tube 32. In the case of a diesel fuel filter, the housing may include a lower 
collection bowl or reservoir 34 for collecting coalesced separated water or 
contaminants for drainage at drain outlet 35 as controlled by valve 36, and may have 
5 an electrical connection 38 for an internal heater, and so on, as is known. 

Housing 12 includes the noted cylindrical sidewall 26 closed at its top 
end by upper end cap 40 in threaded relation, and closed at its bottom end at housing 
base 42 in threaded relation. Sidewall 26 is clear or transparent, and hence annular 
space 24 is viewable through the housing such that an operator or service technician 

10 can see the level of liquid such as 44, Fig. 1, in annular space 24. When the liquid 
rises from level 44, as shown in dashed line in Fig. 2, to level 46, the operator or 
service technician can see such level and the change thereof as an indication of when 
to replace filter element 16. The higher the level of liquid in annular space 24 the 
greater the pressure drop across filter element 16 and hence the greater the plugging 

15 of filter element 16. Unfortunately, it has been found in numerous applications that 
such liquid level rise from 42 to 46 does not correspond to expired filter life. Hence, 
the filter element is being changed prematurely, and has a longer life than otherwise 
indicated by the noted rising liquid level in annular space 24. 

20 Parent Invention 

Figs. 3-8 illustrate the parent invention and use like reference numerals 
from above where appropriate to facilitate understanding. The parent invention is 
illustrated in the context of the above noted known diesel fuel filter, though the parent 
invention is not limited thereto. 

25 The parent invention delays the rise of fluid level in annular space 24 

for applications where filter element 16 is otherwise changed prematurely and has a 
longer life than otherwise indicated by the noted rising liquid level in annular space 
24. The liquid gives off vapor in the housing, including in annular space 24. This 
aspect is utilized in the parent invention. The noted delay is provided by a delay 
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member in the form of a vapor and liquid impermeable sleeve 50 around filter 
element 16 and having a top end 52 at the top end of the filter element and having a 
bottom end 54 spaced from the bottom end of the filter element by an axial gap 56. 
The sleeve has an outer face 58, Figs. 4, 6, facing annular space 24, and an inner face 
5 60 facing filter element 16. Liquid and vapor flow from annular space 24 radially 
inwardly through axial gap 56 and radially inwardly through filter element 16 thereat, 
and also flow axially along inner face 60 of sleeve 50 and radially inwardly through 
filter element 16 thereat. When the liquid level in annular space 24 rises above 
bottom end 54 of sleeve 50, as shown at level 62, Figs. 4, 6, vapor above level 62 can 

10 no longer flow through axial gap 56 and is trapped in annular space 24 above bottom 
end 54 of sleeve 50 due to the vapor impermeability of sleeve 50. Further rise of 
liquid level in annular space 24 must compress trapped vapor therein, thus slowing 
and delaying the rise of liquid level in annular space 24. 

In a further embodiment, Fig. 5, sleeve 50 has one or more apertures 

15 therein such as 70, 72, 74, etc. at respective given locations therealong, each having a 
respective liquid-soluble button 76, 78, 80, respectively, for example a fuel-soluble 
button made of polyisobutylene, for example available from Lubrizol under Part 
Number OS158536. The button initially closes the respective aperture, and then is 
dissolved after a given time by contact with the liquid flowing along inner face 60 of 

20 sleeve 50, such that vapor in annular space 24 may pass through the aperture vacated 
by the button, Fig. 6, whereafter the liquid level rises in annular space 24 from level 
62, Fig. 6, to level 82, Fig. 7. The noted given time is preferably selected to be the 
filter element change interval, e.g. by matching dissolution rate of the material and/or 
thickness to the desired interval. Upon dissolution of the button and passing of vapor 

25 from annular space 24 through the respective aperture in sleeve 50, the rising liquid 
level in annular space 24 provides an indication to the operator to change filter 
element 16. 

In a further embodiment, Fig. 8, sleeve 50 has a further plurality of 
apertures such as 90, 92 each filled with a respective liquid-soluble button 94, 96 and 
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axially spaced from bottom end 54 of sleeve 50 by differing axial spacings. Buttons 
96, 94, 78 have differing dissolution rates, e.g. by differing thicknesses and/or 
differing material selection. A first of the buttons such as 96 closest to bottom end 54 
of sleeve 50 has the fastest dissolution rate and dissolves first such that liquid level in 
5 annular space 24 rises to a respective first aperture 92 vacated by first button 96. This 
provides a first advance indication of a forthcoming need for a filter element change. 
A second of the buttons such as 94 is spaced axially farther from bottom end 54 of 
sleeve 50 than first button 96 and has a slower dissolution rate and dissolves second 
such that the liquid level in annular space 24 further rises to a respective second 
10 aperture 90 vacated by second button 94. This provides a second sequential 
indication of an oncoming need for a filter element change. 

Present Invention 

In the above noted prior art, the assumption underlying the noted air 
15 visualization method is that is that the increased pressure drop across the filter 
causes the air to pass through the filter upon plugging. The pressure drop needed 
for the air to flow through the filter media is given by: 



AP = AP l A Equation (1) 

where AP is the pressure drop across the filter element (at plugging in this case) and 
20 APj ^ * s capillary pressure required for air to flow through the filter media, as 
given by the LaPlace Equation, also known as the bubble point of the media. 
APl,A is given by: 



4rcos# 

AP l A = J —^ Equation (2) 

25 where y is the surface tension of the fuel, 0 is the three-phase contact angle of the 



-7- 



filter media-fuel-air, and D is the maximum pore diameter of the filter media. At 
the bubble point, when air starts to displace the oil in the filter media, 8 « 0°. For 
typical fuel, y is approximately 25 dyne/cm. 

In application, D corresponds to the maximum pore diameter, since 
5 air (and fuel) will flow through the least restrictive opening. All filter media has a 
distribution of pore sizes. As a filter plugs, there is a net decrease in the average 
pore size, due to contaminant capture, however the maximum pore size changes 
little, as most contaminant build-up occurs in the smaller pores that remove most of 
the contaminant. Typical fuel filter media bubble points are on the order of 25,000 

10 dyne/cm^ (0.7 inches of Mercury), corresponding to D=40 jum, while the terminal 
pressure drop is 170,000 to 340,000 dyne/cm^ (5 to 10 inches of Mercury), 
corresponding to 6 jam < D. It is unlikely that these least restrictive pores would 
remove enough contaminant to reduce in size by a factor of 6 or more. There is no 
correlation between APj ^ (the pressure drop at which the air pocket starts to 

15 disappear) and AP (the terminal pressure drop), as shown in Fig. 9. Fig. 9 shows 
the actual pressure drop across the filter (abscissa) plotted against the fuel height 
(traditional prior art air visualization method). The data were obtained from a field 
test on over-the-road trucks using two different types of diesel fuel filters. The 
pressure drop across the filter and fuel height were monitored during the test. 

20 According to industry standards, a filter is plugged at 271,000 dyne/cm^ (8 inches 
of Mercury) pressure drop. At 203,000 dyne/cm^ (6 inches of Mercury), it is 
recommended that users replace the filter as soon as practical. Using the traditional 
air visualization method, users would consider the filter plugged when the fuel 
height exceeds 13.3 cm (5.25 inches). At this height, the air pocket disappears. In 

25 the data of Fig. 9, the traditional air visualization method indicated plugging for 36 
of 1 13 data points. However, the filter was actually plugged only 3 times and in the 
"replace filter" region 2 additional times. The traditional air visualization method 
prematurely indicated filter plugging 27% of the time. This results in premature 
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filter replacement and added expense for engine operators, and demonstrates the 
inaccuracy of the traditional air visualization method. 

The problem with the noted traditional air or gas visualization method 
is that the filtration function and the plugging indication function both occur in the 
5 filter media and are affected by the same factors. The air visualization method 
requires that a change in the very largest pores corresponds to what is occurring in 
the rest of the media. In accordance with the present invention, a way to avoid this 
source of inaccuracy is to separate the two functions. This is accomplished in the 
present invention, and provides more accurate and reliable detection of filter 
10 element plugging than the traditional air visualization method. 

Figs. 10 and 11 use like reference numerals from above where 
appropriate to facilitate understanding. Liquid filter 10, for example the noted 
diesel fuel filter, houses annular filter element 16 having an upstream outer face 15 
communicating with inlet 28, and a downstream inner face 17 communicating with 

15 outlet 30. Filter element 16 filters liquid passing radially inwardly therethrough 
from outer face 15 to inner face 17. Housing 10 has the noted sidewall 26 which 
defines with outer face 15 the noted annular space or inlet chamber 24 therebetween 
having an upper section 23 and a lower section 25. As liquid such as fuel enters 
inlet chamber 24 from inlet 28, gas or air in the liquid rises to upper section 23 of 

20 inlet chamber 24. Inlet chamber 24 is viewable through the housing, as noted above 
as provided by a clear or transparent sidewall 26, such that an operator can see the 
level of liquid in inlet chamber 24. A low level of liquid indicates a low pressure 
drop initial non-plugged condition of filter element 16. The higher the level of 
liquid in inlet chamber 24 the greater the pressure drop across filter element 16 and 

25 the greater the plugging of the filter element. 

A change interval plugging indicator 102 is provided in the housing 
by a gas trap and pressure responsive release mechanism 104 trapping gas in upper 
section 23 of inlet chamber 24 until a designated release pressure is reached, 
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It 

corresponding to a desired terminal pressure, to prevent premature plugging 
indication otherwise indicated by rising liquid level in the inlet chamber. The 
change interval plugging indicator is preferably part of the filter element and 
includes outer wrap 50 around outer face 15 of filter element 16 in upper section 23 
5 of inlet chamber 24 and blocking gas flow therethrough at least at pressures below 
the noted designated release pressure. Outer wrap 50 has the noted lower end 54 
which defines a lower end of upper section 23 of inlet chamber 24 and an upper end 
of lower section 25 of the inlet chamber. Gas is trapped in upper section 23 of the 
inlet chamber when liquid in the inlet chamber rises above lower end 54 of outer 
10 wrap 50. 

Filter element 16 is the noted axially extending annulus having an 
outer surface providing the noted outer face 15, and having an inner surface 
providing the noted inner face 17 and defining inner hollow interior 22. The filter 
element has the noted lower axial end 21 having an opening 31 at hollow interior 22 

15 and communicating with outlet 30. The filter element has the noted upper axial end 
19. A check valve 106 is provided at the upper axial end of the filter element and 
has a first side 108 communicating with hollow interior 22, and a second side 110 
communicating with upper section 23 of inlet chamber 24 for example through one 
or more radially extending gas passages 112 formed between spokes such as 1 14 in 

20 upper end cap 40. Spokes 114 apply axial pressure against filter element 16 
holding the latter in place. Check valve 106 has a closed condition below the 
designated release pressure, and an open condition above the noted designated 
release pressure. In the embodiment of Fig. 11, check valve 106 is provided by 
porous media at upper axial end 19 of the filter element covering hollow interior 22 

25 and blocking gas flow therethrough below the designated release pressure, and 
passing gas flow therethrough above the designated release pressure. In an 
alternate embodiment, Fig. 12, the check valve is provided by a biased valve 
member 116, such as a ball, flap, flanged stem, or the like, biased upwardly by bias 
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member 118, such as a spring, to a normally closed condition below the noted 
designated pressure, e.g. as seated against and closing opening 120 at valve seat 
122. The valve has an open condition overcoming the noted bias above the noted 
designated release pressure, e.g. to move ball 116 downwardly against the bias of 
5 spring 118 to permit gas to flow downwardly through opening 120 and through 
vents such as 124 into hollow interior 22. 

In the embodiments of Figs. 10-12, outer wrap 50 is preferably 
relatively non-porous, i.e. completely impervious to gas and liquid flow, or having a 
permeability substantially lower than filter element 16. In another embodiment, 

10 outer wrap 50 is a porous member wetted by the liquid in inlet chamber 24 such that 
capillary pressure in such porous member blocks gas flow therethrough below the 
noted designated release pressure, and such that pressure above such designated 
release pressure overcomes the capillary pressure, and gas passes through outer 
wrap 50, to be described. In this latter embodiment, upper end cap 19 of filter 

15 element 16 is engaged in sealing relation by upper end cap 40 of the housing, Fig. 
6, such that no gas passes therebetween from inlet chamber 24 to hollow interior 22. 
In an alternative, Fig. 13, upper end cap 19a of filter element 16 is a solid member 
spanning hollow interior 22 and having no opening thereinto. 

In each of the described embodiments, the gas trap and pressure 
20 responsive release mechanism delays rise in liquid level in inlet chamber 24 for 
applications where filter element 16 is changed prematurely and has a longer life 
than otherwise indicated by rising liquid level in inlet chamber 24. Filter media 16a 
of filter element 16 performs a filtration function by passing liquid therethrough. 
During use, liquid level in inlet chamber 24 rises, and gas in the inlet chamber 
25 disappears as permitted by gas flow through filter media 16a. In the prior art, the 
rising liquid level and the disappearing gas is used for indicating a change interval 
for filter element 16. In this manner in the prior art, filter media 16a provides both 
a filtration function and a plugging indication function. The present system 
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provides an improved gas visualization interval change plugging indication method 
by separating the filtration function and the plugging indication function by 
trapping gas in inlet chamber 24, and then releasing the gas in response to a 
designated release pressure corresponding to a desired terminal pressure. During 
5 use, the pressure drop across filter media 16a increases as the latter becomes more 
restrictive to liquid flow therethrough as more contaminant is captured. In the 
present invention, the designated release pressure is independent of and does not 
vary with the increasing restriction of filter media 16a to liquid flow therethrough. 
The filtration function is performed with a first member provided by filter media 

10 16a. The plugging indication function is performed with a second member different 
than the noted first member. In preferred form, the noted second member is 
provided by outer wrap 50 and in some embodiments also in combination with 
check valve 106. The flow properties of the first member 16a vary during filtration. 
The flow properties of the second member 50 do not substantially vary during 

15 filtration. In one preferred embodiment, the second member is provided by outer 
wrap 50 around outer face 15 of filter element 16, the outer wrap having a lower 
permeability than filter media 16a, and wherein the designated release pressure is 
calibrated to correspond to the noted desired terminal pressure according to bubble 
point of the outer wrap, to be described. The noted gas trap and pressure responsive 

20 release mechanism 104 traps gas in inlet chamber 24 until the noted designated 
release pressure corresponding to the noted desired terminal pressure is reached, 
and then releases the gas to escape to outlet 30 through gas passage 112 and hollow 
interior 22, and/or through outer wrap 50 and filter media 16a and hollow interior 
22, to outlet 30, which escaping gas is replaced by increasing liquid levels in inlet 

25 chamber 24, indicating that the designated release pressure corresponding to the 
desired terminal pressure has been reached, which in turn indicates that replacement 
of filter element 16 is due. 

Fig. 14 is a schematic illustration and uses like reference numerals 
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from above where appropriate to facilitate understanding. Fuel can flow around 
outer wrap 50 and through filter media 16a. An air pocket forms and is maintained 
outside the outer wrap, where it can be detected visually if a transparent housing or 
sight glass is used. For discussion and modeling purposes, the element is divided 
5 into two sections: Section 1 (the portion above lower end 54 of outer wrap 50) and 
Section 2 (portion below end 54). The advantage of this invention, compared to the 
prior art air visualization method, is that the use of an outer wrap separates the 
filtration function (of the filter media) from the plugging detection function. It uses 
capillary pressure to prevent air flow until the terminal pressure drop is achieved. 
10 Unlike the prior art air visualization method, the properties of the outer wrap do not 
change significantly as filtration occurs, and an accurate determination for filter 
plugging can be made. In contrast, the prior art air visualization method requires 
that a change in the very largest pores corresponds to what is occurring in the rest of 
the media. 

15 Section 1 refers to the portion of the filter element covered by the 

outer wrap. First, we assume that the axial variation in flow rate, pressure and 
pressure drop across the filter media in this section is negligible. Based on this 
assumption, the pressure drop across the filter element (AP) is given by the 
following equation: 

AP = AP l B + AP 1A Equation (3) 

20 

where APj^b is the pressure drop caused by the outer wrap, and AP^a is the 
pressure drop across the filter media. In the initial state of the filter, APj g is due to 
the restriction across the outer wrap and to the restriction caused by flow through 
the channel formed between the filter media and the outer wrap. These two 
25 contributions are lumped together. For purposes of what we are trying to achieve, it 
is not critical to distinguish between them, as can be seen later. It is noteworthy 
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that in this initial state, there is no air flow through the outer wrap. APi^a is due to 
the pressure drop across the new media. In the final state of the filter, at the precise 
moment when air flows through the outer wrap, APj 5 B is equal to the bubble point 
of the outer wrap in the specific fuel, and APj ^ is due to the pressure drop across 
5 the plugged media. 

Section 2 refers to the portion of the filter element uncovered by the 
outer wrap. Again, we assume that the axial variation in flow rate, pressure and 
pressure drop across the filter media in this section is negligible (a more accurate 
assumption in this section compared to section 1). The pressure drop across the 
10 filter element is given by the following equation: 

AP = AP 2 A Equation (4) 

where AP2,A * s pressure drop across the filter media. In the initial state of the 
filter, AP2 5 A * s due to the pressure drop across the new media. In the final state of 
the filter, AI^A * s equal to the pressure drop across the plugged media. It is 
15 noteworthy that AP^a ^ AP2 3 A i* 1 neither the initial nor final state, as the flow 
through section 1 also includes restriction contributions from the outer wrap and 
channel. 

Now considering the filter element as a whole assuming constant total 
flow rate through the filter element, the total flow rate (Q) is given by: 

Q = Qx+Q 2 Equation (5) 

20 

where Qi is the flow rate through section 1, and Q2 is the flow rate through section 
2. As the filter plugs, Q2/Q decreases, Qi/Q increases, and both AP^a an d AP2,A 
increase. One implication of this is that different amounts of contaminant (per unit 
area) will accumulate on each section of filter media. At the moment when air starts 
25 to flow through the outer wrap, AP^b due to fuel flow through the outer wrap and 
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channel equals the bubble point of the outer wrap in the specific fuel. 

The challenge is to relate APi g to the terminal AP in state 2, i.e., the 
terminal pressure drop of the plugged filter. The following focuses on state 2: 



AP = AP hB + AP l A Equation (6) 



A P A = QA Equation (7) 

A 



where K\ is a resistance coefficient for the plugged filter media, and Aj is the 
cross-sectional (face) area of section 1 filter media. Rj is a function of the media 
properties, contaminant and amount of contaminant deposited. In section 2, 



10 



20 



AP = AP 2 A = Equation (8) 



where R2 is a resistance coefficient for the plugged filter media, and A2 is the 
cross-sectional (face) area of section 2 filter media. R2 is a function of the same 
factors as Rj. As an approximation, assume A\ = A2. In the plugged state, 
virtually all of the filter media in both sections will be used, so if we start out with 
15 A\ = A2, this is a reasonable approximation. As mentioned previously, different 
amounts of contaminant per unit area will accumulate on the filter media in sections 
1 and 2. Since the flow through section 1 increases (and hence the amount of 
contaminant deposited on the media) as section 2 plugs, these differences are not 
expected to be great and we can assume that Ri « R2. Hence, 



^=4 = ^ Equation (9) 

A A Qi 
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AP = AP l B + ^£ Equation (10) 



This equation shows that the bubble point of the outer wrap is a 
function of the terminal pressure drop and the ratio of flow rates through the two 
sections. Conversely, the flow rate ratio is a function of AP^ and AP (as well as 
test conditions e.g., flow rate, fluid, contaminant), as shown by the rearranged 
equation: 



a ap ap 



The model, thus far, yields expected behavior. As shown, the flow 
rate ratio (Q1/Q2) is always less than 1 and increases with increasing terminal 
pressure drop, as expected. At very low AP, <AP\ 9 Q, the pressure drop is not high 
enough to force air flow through the outer wrap and there is, by definition, no 
terminal pressure drop achieved. 

From a design standpoint, we need to know how the flow rate ratio 
relates to terminal pressure drop. By running experiments, in which the outer wrap 
is varied (hence, AP^bX but not the filter media, filter design, or contaminant, the 
relationship between AP and AP^g can be determined and used to select an outer 
wrap corresponding to the predetermined terminal pressure drop, as shown in Fig. 
15. The results are noteworthy in that they show that the terminal pressure drop 
increases with increasing outer wrap bubble point, as predicted by the model. 
Further, they show that outer wraps can be chosen based on bubble point and used 
as reliable indicators of element plugging at predetermined pressure drops, unlike 
the prior art air visualization method. For simplicity, linear regression is used to 
describe the relationship between AP and AP^b in the figure. It is interesting to 
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note that the X-intercept of the regression is a reasonable approximation of the 
initial, clean pressure drop across the filter media under the test conditions, as 
expected. 

It is recognized that various equivalents, alternatives and 
5 modifications are possible within the scope of the appended claims. For example, 
as in the parent application, annular includes other closed-loop configurations, such 
as ovals, racetracks, etc. 
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